ABSTRACT Doxorubicin (DOX) is an effective antineoplastic agent whose use has been limited by its cardiotoxic side effects. Recent studies have established that erythropoietin (EPO), a cytokine essential for red blood cell production, protects against ischemic injury in the heart and other organs. The purpose of this study was to assess whether EPO protects the heart against cardiotoxicity induced by DOX. We found that DOX-induced apoptosis and impaired heart function in mice were largely prevented by EPO administration. To investigate the mechanism of protection by EPO, cultured neonatal mouse ventricular myocytes were treated with EPO at therapeutic levels (i.e., 1 U/ml), before application of DOX (0.1-1.0 M). EPO protected against DOX-induced cardiomyocyte death (by Ϸ50%) and apoptosis assessed by annexin-V labeling, DNA fragmentation, and caspase-3 activity. DOX-mediated increases in reactive oxygen species, which trigger cardiotoxicity, were also reversed by preconditioning with EPO. These functional effects of EPO correlated with increased Akt/protein kinase B (ϳ2-fold) and glycogen synthase kinase 3 (GSK-3; ϳ1.3-fold) phosphorylations, suggesting protection by EPO was mediated by phosphatidylinositol 3-kinase activation. Indeed, preventing Akt and GSK-3␤ phosphorylations by phosphatidylinositol 3-kinase (PI3K) inhibition abolished protection by EPO against cardiomyocyte loss, apoptosis, and oxidative stress. Thus, pretreatment with therapeutic levels of EPO can protect the myocardium against DOX-induced impaired heart function and cardiomyocyte apoptosis by activating PI3K-Akt cell survival pathways.
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Although the anthracycline antibiotic doxorubicin (DOX) has been used effectively to treat a broad range of human malignancies for decades, its clinical usage and efficacy are limited by side effects, especially cardiomyopathy and heart failure (Gewirtz, 1999) . The mechanism for the cardiac toxicity associated with DOX treatment remains unclear. DOXinduced cardiomyopathy has been linked to apoptosis and DNA damage, free radical formation, and alterations of calcium metabolism (Takemura and Fujiwara, 2007) . Recent studies showed that the programmed cardiomyocyte death induced by DOX was related to elevated reactive oxygen species, mitochondrial impairment (Takemura and Fujiwara, 2007) , Fas-mediated pathway activation (Nitobe et al., 2003) , and ceramide generation (Delpy et al., 1999) .
Clearly, preventing cardiomyopathy could increase the use and enhance the efficacy of DOX. In this regard, the cytokine erythropoietin (EPO), which stimulates both the production and maturation of red blood cells, has been shown to be cytoprotective against ischemic injury in the heart and other organs (Chong et al., 2002b; Parsa et al., 2003) . The effects of EPO have been linked to its ability to reduce apoptosis in neurons (Chong et al., 2002b) , vascular smooth muscle cells (Akimoto et al., 2000) , vascular endothelial cells (Chong et al., 2002a) , and cardiomyocytes (Parsa et al., 2003) . Due to its effects on erythropoiesis, EPO is currently used to treat ane-mia and to improve the quality of life in patients with chronic renal failure, human immunodeficiency virus, and congestive heart failure as well as cancer patients treated with DOX (Venturini et al., 1996; Patton et al., 2004) . It is conceivable that the use of EPO might be extended to prevent or reduce the cardiomyopathy associated with DOX treatment.
Because EPO exerts its effects via erythropoietin receptors (EPOR) that activate several signaling cascades, leading to the production of several antiapoptotic proteins included in the Bcl-2 gene family, Janus tyrosine kinase 2, signal transducer and activator of transcription, PI3K, and mitogenactivated protein kinases (Constantinescu et al., 1999) , we examined whether EPO could protect the myocardium from DOX-induced toxicity. We found that EPO administration decreased myocardial damage after DOX injection and that it improved cardiac function. This protection was associated with PI3K-dependent Akt activation and reduced apoptosis in cardiomyocytes.
Materials and Methods
Animal Models of DOX-Mediated Cardiomyopathy. Male CD1 8-week-old mice (Charles River Laboratories, Inc., Wilmington, MA) were housed in temperature-and humidity-controlled rooms with 12-h light/dark cycles. All experimental protocols conformed to the standards of the Canadian Council on Animal Care. Mice were randomly divided into four groups (placebo ϩ vehicle, placebo ϩ EPO, DOX ϩ vehicle, and DOX ϩ EPO), and all the drugs were administered by i.p. injection. Mice received either three equal doses of 5 mg/kg DOX (cumulative DOX dose of 15 mg/kg) or equal volumes of saline (i.e., vehicle) every 7 days (Fig. 1A) . Mice also received either 1000 U/kg EPO (Epoetin Alfa, EPREX; Ortho Biotech, Toronto, ON, Canada) or an equal volume of saline every third day for 3 weeks. This level of EPO (1000 U/kg) is equivalent to the doses used in human patients (Patton et al., 2004) , whereas the DOX concentration (15 mg/kg) corresponds to the recommended maximum cumulative dose of DOX (550 mg/m 2 ) (Sawyer et al., 1999; Kang et al., 2000; Takemura and Fujiwara, 2007) . The mice in all groups were assessed echocardiographically 3 weeks following their final injection.
We also examined the effects of DOX and EPO on a more acute time scale (Fig. 1B) . For these studies, mice were injected i.p. either with 2000 U/kg EPO at time 0 followed by additional injection of 1000 U/kg 24 h later. Control animals were injected with equal volumes of saline i.p. at the same time points. Fifteen minutes after the last injection of EPO or saline, the mice received a single dose of 20 mg/kg DOX or an equal volume of saline.
Neonatal Mouse Ventricular Cardiomyocyte Culture. Neonatal mouse ventricular cardiomyocytes (NMVMs) were isolated using a method adapted from rats (Zobel et al., 2002) . In brief, 1-dayold CD1 mouse hearts were digested with 50 U/ml collagenase type II (Worthington Biochemicals, Lakewood, NJ) and 0.5 mg/ml trypsin (Invitrogen Canada Inc., Burlington, ON, Canada) in calcium-and bicarbonate-free Hanks' buffer with HEPES. Dissociated cells were collected every 3 to 5 min. Fibroblast and endothelial cell numbers were minimized by differential plating. Cardiomyocytes were counted, plated at a density of 2 ϫ 10 5 cells/ml, and cultured at 37°C in growth media containing Dulbecco's modified Eagle's medium/ Ham's F-12 [1:1 (v/v); Sigma-Aldrich, St. Louis, MO], 10% fetal bovine serum, and 100 units/ml penicillin/streptomycin (Invitrogen Canada Inc.) supplemented with 0.1 mM bromodeoxyuridine (SigmaAldrich) and 20 M arabinosylcytosine (Sigma-Aldrich) to inhibit proliferation of nonmyocytes such as fibroblasts and endothelial cells. After 24 h in culture, the medium was replaced by serum-free medium (SFM) supplemented with 1% insulin-transferrin-selenium supplements-X (Invitrogen Canada Inc.) in Dulbecco's modified Eagle's medium/Ham's F-12 [1:1 (v/v)]. After 24 h in SFM (i.e., after 48 h in culture), the cardiomyocytes were treated with 1 U/ml EPO or vehicle (control). This was followed 24 h later (i.e., after 3 days in culture) with the addition of fresh EPO (or vehicle) along with various concentrations of DOX or vehicle 30 min later. Measurements were made at the end of day 4 in culture.
Measurements of Myocyte Viability and Apoptosis in NMVM Cultures. Cell viability was determined at 24 h after treatment with DOX, EPO, or both by counting cardiomyocytes identified immunohistochemically using cardiac ␣-actinin antibodies. This was achieved by fixing and permeabilizing cultures with 4% paraformaldehyde phosphate buffer containing 0.2% Triton X-100. After incubation with mouse monoclonal anti-␣-actinin antibodies (A7811; Sigma-Aldrich), a fluorescent anti-mouse IgG antibody was applied (Alexa Fluor 488; Invitrogen, Carlsbad, CA). Nuclei were also stained with 4,6-diamidino-2-phenylindole (VECTASHIELD; Vector Laboratories, Burlingame, CA). Fluorescent images were captured from 12 to 14 random fields per slide at 100ϫ magnification (Leica Microsystems, Bannockburn, IL). Cardiomyocyte numbers were determined by counting the number of nuclei present in cell showing ␣-actinin staining. The counting was performed by a blinded investigator with the assistance of Image-Pro Plus (Media Cybernetics, Silver Spring, MD). Cardiomyocyte viability was also assessed by measuring the lactate dehydrogenase (LDH) activity in the culturing media using the TOX-7 (Sigma-Aldrich). LDH concentration was standardized by LDH (catalog no. L2625; Sigma-Aldrich).
Apoptosis was quantified in three ways. First, caspase-3 activity was measured in cardiomyocytes using the ApoAlert assay kit (BD Biosciences, San Jose, CA) 8 h after treatment with DOX, EPO, or both. This method uses the specific substrate Asp-Glu-Val-Asp-pnitroaniline, which is metabolized to the chromophore p-nitroaniline by caspase-3. The caspase-3 activities were standardized by p-nitroaniline (pNA) and calibrated by the amount of proteins measured by bicinchoninic acid method. Second, apoptosis was assessed by flow cytometry of cardiomyocytes labeled with annexin-V. For this method, after 12 h after DOX, EPO, or combined treatments, cardiomyocytes were suspended by trypsinization and incubated with Annexin-V FLUOS (Roche Diagnostics, Laval, QC, Canada) in the dark for 15 min at room temperature. Then, 10,000 cells were subjected to FACScan (excitation, 488 nm; emission, 515 nm; BD Biosciences). Third, apoptosis was determined using DNA laddering. For these studies, DNA was isolated from NMVMs after 16 h from DOX and EPO administrations. The collected cardiomyocytes were lysed with a solution containing 7.5 mM NaCl, 0.5% SDS, 10 mM Tris, 10 mM EDTA, pH 8.0, and 0.15 mg/ml proteinase K (SigmaAldrich). Lysates were incubated at 50°C for 3 h and incubated with 200 g/ml RNase A (10 g/l; Sigma-Aldrich) at 37°C for 1 h. DNA was extracted by phenol-chloroform and precipitated with 2 volumes of ethanol. After centrifugation, DNA was washed with 70% ethanol, resuspended in TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 8.0), and resolved on 2% agarose gel with 0.5 mg/ml ethidium bromide. Western Blot Analysis. Western blots analyses were carried out on 2-day cultured NMVMs, 2-day-cultured neonatal nonmyocyte cells, freshly isolated adult mouse ventricular myocytes (AMVMs), neonatal mouse hearts, and whole adult mouse heart at 8 weeks of age. Samples were lysed in buffer containing 50 mM Tris, pH 7.5, 20 mM EDTA, 100 mM NaCl, 1% Triton X-100, protease inhibitor cocktail (Roche Diagnostics), 1 mM sodium orthovanadate, and phosphatase inhibitor cocktail (Sigma-Aldrich). Proteins were resolved on SDS-polyacrylamide gel electrophoresis, transferred to membrane, and incubated with the primary antibodies at 4°C overnight followed by blocking with 5% milk or bovine serum albumin. After 1-h incubation with secondary antibodies at room temperature, the signals were visualized by enhanced chemiluminescence (GE Healthcare, Arlington Heights, IL) and quantified by a densitometry program, GeneGenome (Syngene, Cambridge, UK). EPOR (sc-697) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Phospho-Akt/PKB (9271), Akt/PKB (9272), phospho-GSK-3␤ (9336), and GSK-3␤ (9332) were purchased from Cell Signaling Technology Inc. (Danvers, MA).
Detection of Reactive Oxygen Species. ROS was measured using the cell-permeant indicator 5-(and-6)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate acetyl ester (CM-H 2 DCFDA; Invitrogen Canada Inc.) 5 h after DOX, EPO, or combined treatments in NMVMs. After washing with phosphate-buffered saline, cells were incubated with 10 M CM-H 2 DCFDA in SFM for 30 min, recovered for 5 min in full growth media, and suspended in phosphate-buffered saline by trypsinization. The fluorescent intensity of the oxidized product, 2Ј,7Ј-dichlorofluorescein (DCF) was determined using FACSCalibur (excitation, 488 nm; emission, 515-545 nm; BD Biosciences).
Terminal Deoxynucleotidyl Transferase Nick-End Labeling Assay in Mouse Hearts. TUNEL staining was performed in mouse hearts isolated at 2 days after acute injection of EPO and DOX. Hearts were fixed with 10% formaldehyde and embedded with paraffin. Sectioned hearts were stained with biotinylated nucleotides, followed by peroxidase-conjugated avidin. Images were captured from 10 random fields of TUNEL-stained slides using a CoolSNAP digital camera (Roper Scientific, Atlanta, GA). TUNEL-positive cells and total cells were counted using Image Pro Plus (Media Cybernetics).
Echocardiography. Transthoracic 2D, M-mode, and Doppler echocardiographic examinations were performed with a Sequoia C256 system (Acuson Corporation, Mountain View, CA) equipped with a 15-MHz linear transducer (15L8) in mice anesthetized with isoflurane/oxygen (0.75%/100%).
Statistics. All results are expressed as mean Ϯ S.E. Statistical significance of differences among the multiple groups were determined by analysis of variance with post hoc analysis Student-Newman-Keuls. Differences at P Ͻ 0.05 were considered statistically significant. Calculations and statistical test were performed using SPSS (SPSS Inc., Chicago, IL).
Results
The effects of DOX on heart function and morphology were examined (Fig. 1A ) by injecting DOX (three injections of 5 mg/kg every 7 days), as described previously (van Acker et al., 1996; Taniyama and Walsh, 2002) . Compared with saline-injected controls, DOX-treated mice showed reductions (P Ͻ 0.05; n ϭ 4) in heart rate (DOX, 417 Ϯ 10 bpm versus CTRL, 507 Ϯ 23 bpm), fractional shortening (DOX, 33.0 Ϯ 0.2% versus CTRL, 48.7 Ϯ 1.5%), and velocities of circumferential shortening (DOX, 6.84 Ϯ 0.0 circ/s versus CTRL, 9.47 Ϯ 0.46 circ/s), without evidence of altered chamber size (P ϭ 0.142) or anterior left ventricular wall thickness (P ϭ 0.068). The administration of EPO (1000 U/kg every 3 days) protected (P Ͻ 0.05; n ϭ 4) hearts from DOX-induced changes in heart rate (500 Ϯ 20 bpm), fractional shortening (50.9 Ϯ 5.0%), and velocity of circumferential shortening (9.94 Ϯ 0.52 circ/s). EPO treatment alone had no effect on cardiac function.
The protective effects of EPO in DOX-treated mouse hearts might seem somewhat surprising, since previous studies concluded that the expression of the EPOR does not occur in the adult heart and that its expression in the developing heart is limited to the mesothelial epicardium with no expression in myocardium (Wu et al., 1999; Stuckmann et al., 2003) . However, as shown in Fig. 2A , EPOR expression increases progressively during development in the mouse heart. This EPOR expression seems to originate from cardiomyocytes since robust EPOR expression was also observed (Fig. 2B) in Western blots of fresh enzymatically isolated AMVMs. Conversely, EPOR expression was not detected in nonmyocyte cells isolated from neonatal mouse hearts.
To assess the mechanism of protection by EPO against DOX-induced cytotoxicity, we used cultured NMVMs. Under our experimental conditions, more than 87% of the cultured cells were spontaneously beating, which coincided with positive immunostaining for cardiac ␣-actinin in 93.3 Ϯ 1.6% of the cells. Although the results in Fig. 2A demonstrate that EPOR expression is very low in neonatal mouse hearts, as reported previously (Wu et al., 1999) , Fig. 2B demonstrates that, after serum-withdrawal for 24 h, EPOR expression in cultured NMVMs is robust, consistent with serum starvation inducing an adult phenotype (Dubus et al., 1993) . Figure 3 , A and B, shows that DOX treatment for 24 h decreased (P Ͻ 0.05; n ϭ 6 -8) the number of surviving cultured cardiomyocytes in a dose-dependent manner (0.1 M DOX, 75.2 Ϯ 4.9%; 0.5 M DOX, 62.2 Ϯ 4.7%; and 1.0 M DOX, 47.8 Ϯ 5.5%), compared with non-DOX-treated cardiomyocytes. Consistent with the benefits of EPO on heart function (Table 1) in DOX-treated mice, 1 U/ml EPO increased (P Ͻ 0.05; n ϭ 6 -8) the number of surviving cardiomyocytes at all doses of DOX (0.1 M EPO ϩ DOX, 89.5 Ϯ 3.0%; 0.5 M EPO ϩ DOX, 80.8 Ϯ 2.2%; and 1.0 M EPO ϩ DOX, 68.1 Ϯ 5.1%), whereas EPO treatment alone had no effect on cardiomyocyte survival (EPO, 97.8 Ϯ 2.8%). These actions of DOX and EPO were mirrored in LDH activity measurements (Fig. 3C) . Specifically, 1.0 M DOX treatment increased (P Ͻ 0.01; n ϭ 7) LDH activity in the culture media by more than 2-fold compared with control group, and these increases were attenuated (P Ͻ 0.01; n ϭ 9) by EPO.
The cause of cardiomyocyte loss by DOX is unclear. However, routine microscopic inspection of cultured NMVMs, il- Fig. 2 . A, EPOR expression in the heart. Hearts were collected from 1-day-, 6-day-, 8-day-, and 8-week-old mice. EPOR expression in the mouse heart increases progressively during development. B, EPOR expression in cultured nonmyocyte cells, cultured NMVMs, and freshly isolated AMVMs. EPOR is expressed in NMVMs and AMVMs, whereas no EPOR was detected in nonmyocyte cells. The figures are representative of two separate experiments. lustrated in Fig. 4A , revealed that DOX treatment reduced cell volume in conjunction with changes in cardiomyocyte morphology and cellular fragmentation, suggestive of cardiomyocyte apoptosis (Arola et al., 2000) . Consistent with DOX-induced apoptosis, Fig. 4B shows that 1.0 M DOX induced a 3.5-fold increase (P Ͻ 0.05; n ϭ 8) in caspase-3 activity compared with control (DOX, 45.3 Ϯ 2.2 versus CTRL, 12.8 Ϯ 1.7 nmol pNA/mg), and these increases in caspase-3 activity were attenuated (P Ͻ 0.01; n ϭ 7) by treatment with 1 U/ml EPO (DOX ϩ EPO, 33.1 Ϯ 2.2 nmol pNA/mg). Figure 4 , C to E, also shows that EPO treatment reduced DNA laddering and reversed the increased (P Ͻ 0.01; n ϭ 4) annexin-V staining induced by DOX.
Previous studies have established that PI3K-dependent activations of Akt and GSK-3 are powerful regulators of cell survival, replication, and apoptosis as well as oxidative stress (Hanada et al., 2004; Juhaszova et al., 2004; Salinas et al., 2004) . To examine whether EPO activates Akt and GSK-3, we measured the levels of phosphorylation on Akt at Ser473 (P-Akt) and GSK-3␤ at Ser9 (P-GSK-3␤). Figure 5 , A and B, shows that EPO treatment increased P-Akt (1.90 Ϯ 0.39-fold; n ϭ 7) and P-GSK-3␤ (1.26 Ϯ 0.05-fold; n ϭ 4), relative to control. Treatment with the PI3K inhibitor LY294002 at 10 M blocked the activation of Akt and GSK-3␤ by EPO, reducing (P Ͻ 0.05) P-Akt (0.16 Ϯ 0.07-fold; n ϭ 5) and P-GSK-3␤ (0.54 Ϯ 0.08-fold; n ϭ 4) to levels below those observed in control. Consistent with the involvement of PI3K-mediated activation of Akt and GSK-3␤ in cellular protection induced by EPO, PI3K inhibition with 10 M LY294002 diminished (P Ͻ 0.05; n ϭ 7) cardiomyocyte survival to 45.9 Ϯ 2.4% compared with the DOX ϩ EPO group, without affecting (P ϭ 0.82) cell survival in the DOX or control groups (Fig. 6, A and C) . In addition, LY294002 treatment increased (P Ͻ 0.05) LDH activity (202.1 Ϯ 4.0%; n ϭ 6), annexin-V staining (30.8 Ϯ 4.4%; n ϭ 4) and caspase-3 activities (45.5 Ϯ 3.6 nmol pNA/mg; n ϭ 6) in cardiomyocytes treated with DOX ϩ EPO back to the levels observed with DOX treatment alone (Fig. 6 , B, D, E, and F). However, LY294002 also increased (P Ͻ 0.05; n ϭ 3) caspase-3 (20.0 Ϯ 3.2 nmol pNA/mg) activity in control cultures without affecting cardiomyocyte survival (Fig. 6, C and F) . Our results in cultured cardiomyocytes suggest that the protective actions of EPO against the proapoptotic effects of DOX are mediated by the activations of Akt and GSK-3␤. To explore whether the protective effects of EPO on DOX-in- duced impairment of cardiac function are associated with reduced myocardial apoptosis in intact mouse heart, we examined apoptosis in DOX-treated mice. Despite our NMVM results and other previous studies showing DOX-mediated apoptosis (Sawyer et al., 1999) , we were unable to detect apoptosis in hearts 3 weeks following the final injection of DOX, consistent with previous reports (Arola et al., 2000) . Thus, following a previously published protocol (Kang et al., 2000) , we examined the effects of EPO treatment in mouse hearts treated more acutely with a single injection of 20 mg/kg DOX (Fig. 1B) . Figure 7 , A and B, demonstrates that mouse hearts treated with DOX ϩ EPO showed fewer (P Ͻ 0.05; n ϭ 4) TUNEL-positive nuclei (59.9 Ϯ 2.7/0.8 mm 2 ) compared with mouse hearts injected with DOX alone (85.5 Ϯ 11.2/0.8 mm 2 ). Accordingly, the percentage of apoptotic cells to nonapoptotic cells in DOX ϩ EPO group (10.2 Ϯ 0.5%) was lower (P Ͻ 0.05) compared with DOX ϩ placebo group (14.4 Ϯ 1.4%), as shown in Fig. 7C . To determine whether the antiapoptotic actions of EPO were associated with Akt activation in adult mouse heart, Akt phosphorylation was measured at 0.5, 1, 6, and 24 h after 1000 U/kg EPO i.p. injection. As shown in Fig. 7D , EPO increased (P Ͻ 0.05) the levels of P-Akt relative to control at several time points after EPO injection (i.e., after 30 min, 1 h, and 6 h, P-Akt was elevated by 2.06 Ϯ 0.23-, 1.87 Ϯ 0.42-, and 1.98 Ϯ 0.260-fold, respectively; n ϭ 3-4).
A proposed mechanism for the cardiotoxic effects of DOX involves the induction of ROS, which can induce apoptosis in cardiomyocytes (Sawyer et al., 1999; Takemura and Fujiwara, 2007) . This mechanism seems particularly attractive because EPO can reduce oxidative stress in the heart (Li et al., 2006b ). Consistent ROS activation by DOX, Fig. 8 shows that, compared with control, DOX treatment increased (P Ͻ 0.02; n ϭ 6) DCF fluorescence (DOX, 124.2 Ϯ 6.1%), an indicator of intracellular ROS. It is noteworthy that EPO reduced DCF fluorescence in both the DOX ϩ EPO (100.8 Ϯ 7.2%; P Ͻ 0.01; n ϭ 6) and control (73.6 Ϯ 5.5%; P Ͻ 0.02; n ϭ 3), confirming the antioxidant role of EPO. More importantly, a PI3K inhibitor LY294002 blocked (P Ͻ 0.001; n ϭ 5) antioxidant effect of EPO in the presence of DOX (DOX ϩ EPO ϩ LY294002, 139.9 Ϯ 6.3%).
Fig. 7.
In vivo antiapoptotic effect of EPO administration (1000 and 2000 U/ml i.p.) against single acute injection of 20 mg/kg i.p. DOX. Mouse hearts were isolated at 2 day from the DOX injection and labeled with TUNEL assay methods. A, representative pictures of TUNEL assay. B, quantitative analysis of apoptosis is carried out with counting the number of total nuclei and TUNEL-positive nuclei from 10 random fields (ϭ0.8 mm 2 ) per heart. ‫,ء‬ P Ͻ 0.05 versus DOX. C, percentage of apoptosis under DOX administration in the presence or absence of EPO injection. ‫,ء‬ P Ͻ 0.05 versus DOX. D, in vivo Akt/PKB phosphorylations were assessed after EPO injection (1000 U/ml). Hearts were isolated at different time points after EPO administration. ‫,ء‬ P Ͻ 0.05 versus CTRL. 
Discussion
To study the potential protective actions of EPO against the cardiotoxic effects of DOX, we developed a mouse model, as described previously (Taniyama and Walsh, 2002) . In this model, DOX injection over a 2-week period reduced heart rate and myocardial contractility measured 3 weeks after DOX injection. The cumulative dose of DOX administered (15 mg/kg) was comparable with doses typically given to cancer patients, which causes bradycardia (van Acker et al., 1996) and reduces cardiac contractility (Taniyama and Walsh, 2002) in many cancer patients. The underlying mechanism of DOX-induced cardiomyopathy is unclear, although previous studies have suggested that DOX causes cardiomyocyte apoptosis (Delpy et al., 1999; Sawyer et al., 1999) . However, no apoptosis was observed in our DOX-treated mice 3 weeks following DOX injection, consistent with previous reports (Arola et al., 2000; Li et al., 2006a) . The absence of apoptosis at the 3-week time point is not unexpected, because cardiomyocytes are rapidly phagocytized after the initiation of apoptosis (Arola et al., 2000) . Consequently, following the work of others (Kang et al., 2000) , mice were acutely treated with DOX at doses comparable with our chronic model. Two days after acute DOX treatment, increased TUNEL-positive nuclei were observed in the heart, consistent with previous animal studies (Arola et al., 2000; Kang et al., 2000) . These results suggest that DOX causes cardiomyocyte loss via apoptosis shortly after administration, leading, or contributing, to cardiac dysfunction, cardiomyocyte atrophy, fibrosis, inflammatory cell infiltration and altered gene expression observed weeks after DOX injection (Li et al., 2006a) . It is noteworthy that EPO injection at doses similar to those used in patients (Patton et al., 2004) , and in animals models of ischemia-related (Parsa et al., 2003; Cai and Semenza, 2004) and DOX-induced injuries (Li et al., 2006a) provided protection against both cardiac apoptosis and dysfunction induced by DOX. Importantly, the protection against DOX-related injury by EPO in our studies might be related to EPO exposure before DOX administration. Indeed, a previous study found that EPO was ineffective if applied after DOX treatment (Li et al., 2006a) .
The protective actions of EPO against DOX toxicity in the heart could involve several mechanisms originating from actions on cardiomyocytes, noncardiomyocytes, or both. Previous studies concluded that EPOR expression in mouse and chick hearts is limited to nonmyocardial epicardium with EPOR expression disappearing in late gestation (Wu et al., 1999; Stuckmann et al., 2003) . Consistent with these findings, EPORs were virtually undetectable in neonatal mouse hearts, but they were highly expressed in adult hearts and AMVMs. In addition, EPORs were not expressed in cultured myofibroblasts isolated from neonatal hearts. These findings support the conclusion that the cardioprotective actions of EPO are mediated via direct activation of EPORs in cardiomyocytes.
To more directly explore whether the protective effects of EPO against DOX-induced cardiotoxicity were related to actions of EPO on cardiomyocytes, we used high-density NMVM cultures (1 ϫ 10 6 cells/35-mm plate) that were starved after 24 h to induce an adult cardiac phenotype (Dubus et al., 1993) . Indeed, unlike freshly isolated NMVMs, serum-starved NMVMs robustly express EPORs, which were functionally active (see below). In our NMVM cultures, DOX treatment for 24 h induced dose-dependent alterations in cardiomyocyte morphology and cardiomyocyte loss that were associated with elevated caspase-3 activity, annexin-V staining, and DNA fragmentation, supporting cardiomyocyte apoptosis as seen in our in vivo studies. The mechanism for DOX-induced apoptosis is unclear, but DOX also strongly increased ROS, a known trigger of apoptosis. These effects of DOX were largely reversed by EPO treatment at doses (1 U/ml) similar to the peak plasma concentration of EPO (1-2 U/ml) achieved in patients (1200 U/kg parenteral injections) (Ramakrishnan et al., 2004) when EPO was added before DOX. Conversely, EPO had no effect in the absence of DOX, and it did not induce proliferation as assessed by [ 3 H]thymidine uptake measurements (data not shown), contrary to previous findings in cultured neonatal rat cardiomyocytes (Wald et al., 1996) . The lack of EPO effect on NMVM proliferation versus rat cultures may reflect species differences, or it could result from differences in the timing of EPO treatment (Soonpaa and Field, 1998) . Taken together, our results in cultured NMVMs support our findings in acutely treated in vivo mouse hearts, and they establish that physiologically relevant EPO doses can provide EPOR-mediated protection against DOX-induced cardiotoxicity (see below). Moreover, the protective effects of EPO do not result from the absence of serum in our cultures.
Although EPOR stimulation activates multiple signaling pathways, including Janus tyrosine kinase-signal transducer and activator of transcription, ras-mitogen-activated protein kinase, and PI3K (Chong et al., 2002b) , we focused on Akt because of its profound antiapoptotic actions via regulating many key proteins involved in cell survival (Hanada et al., 2004) . We found that, at therapeutically relevant EPO doses, Akt and GSK-3␤ phosphorylation was increased in both NMVM and whole hearts. Although a recent study suggested that extracellular signal-regulated kinase 1/2 activation might mediate the protective actions of EPO (Li et al., 2006a) , we found that blocking PI3K activation with LY294002 abolished EPOmediated protection, whereas it had no effect in the absence of EPO. Therefore, our results support the conclusion that EPO protects against DOX-induced cardiomyopathy by activating the PI3K-Akt-GSK-3 signaling cascade, leading to reduced cardiomyocyte apoptosis. In support of this conclusion, Aktoverexpression mice are protected against cardiac dysfunction induced by DOX (Taniyama and Walsh, 2002) , whereas neuregulin-1 activates Akt and also suppresses DOX-induced cardiomyocyte apoptosis (Fukazawa et al., 2003) . Moreover, EPO reduces cardiomyocyte apoptosis induced by ischemia via PI3K-Akt activation (Parsa et al., 2003; Cai and Semenza, 2004) . A more recent report further showed that EPO prevented DOXinduced apoptosis in cultured neonatal rat ventricular myocytes by activating Akt but only at EPO doses that were 10-to 100-fold higher than in our studies where therapeutically relevant doses (i.e., 1 U/ml) were used (Fu and Arcasoy, 2007) . This discrepancy in the doses of EPO required for protection could reflect species differences or originate from differences in the timing of EPO application. Indeed, unlike the previous study where EPO was added simultaneously with DOX, we started EPO treatment 24 h before DOX application, thereby potentially producing a "preconditioning" effect. The importance of applying EPO before DOX administration is consistent with a previous study (Li et al., 2006a) and suggests that low therapeutic EPO doses, if judiciously administered in advance of DOX treatment, could be protective in patients receiving DOX.
It is noteworthy that our results in NMVMs revealed that EPO at 1 U/ml only provided modest protection against DOX, similar to other studies (Li et al., 2006a; Fu and Arcasoy, 2007) . It is conceivable that higher EPO doses would have provided greater protection by more fully activating cell survival pathways. Conversely, full cardioprotection may require the simultaneous activation of several signaling pathways not directly modulated by EPO. Alternatively, some of the toxic effects of DOX may simply not be preventable by activation of protective pathway. By contrast, our in vivo studies, like those of others (Li et al., 2006a) , showed very potent protection of the DOX-induced impairment of cardiac function by EPO. This might suggest that actions of EPO involve other cell types in the heart. For example, EPO could provide additional protection to cardiomyocytes via crosstalking or by paracrine release of other cardioprotective factors. Indeed, EPO was reported to induce endothelial cells to release endothelin-1 (Liefeldt et al., 1998) , which is known to inhibit apoptosis in various types of cells, including cardiomyocytes. Clearly, more studies will be required to determine the optimal timing and dosing levels required to maximize the benefit of EPO in treating DOX-induced cardiac injury and dysfunction and to assess other potential cardioprotective mechanisms of EPO against DOX.
Despite our findings and those of several other studies, the clinical relevance of the contribution of apoptosis in DOXinduced cardiomyopathy is still controversial (Takemura and Fujiwara, 2007) . Thus, it is conceivable that protection by EPO is related to alternate mechanisms that may, or may not, require PI3K-Akt activation. Consistent with this possibility, EPO reduced oxidative damage in heart disease (Li et al., 2006b ). In addition, our findings and those of others (Sawyer et al., 1999; Takemura and Fujiwara, 2007) showed that DOX increased ROS levels, which we found are reduced in NMVMs by EPO. The mechanism whereby EPO reduces ROS and provides cardioprotection will require further investigation, although it is interesting to recognize that increased ROS by DOX is linked to mitochondrial intrinsic apoptotic pathway (Takemura and Fujiwara, 2007) as well as Fas-mediated extrinsic apoptotic pathway (Nitobe et al., 2003) . Alternatively, EPO-mediated protection against DOX injury could be related to heme oxygenase-1 (Katavetin et al., 2007) , which degrades heme and releases reduced iron (Fe 2ϩ ), leading to reduced oxidative stress and cardioprotection (Das et al., 2006) . Moreover, heme oxygenase-1 is regulated by PI3K-Akt signaling (Salinas et al., 2004) , which our results show is required for the protective actions of EPO against DOX injury. Further investigation is clearly required to test this hypothesis.
In summary, our findings suggest that the judicious use of EPO might be useful in reducing cardiomyopathy in patients treated with DOX. This could be particularly relevant because EPO is already commonly used to treat anemia in breast cancer patients undergoing DOX chemotherapy (Larsson et al., 2004) . Conceivably, EPO-mediated cardioprotection could enable higher dosages of DOX to be used, thereby improving the efficacy of antineoplastic therapy (Venturini et al., 1996) . However, in addition to reducing apoptosis in the heart, EPO might also diminish apoptosis in cancer cells, particularly those expressing EPORs. Indeed, EPOR expression in human breast cancer cells (Arcasoy et al., 2002 ) is linked to the adverse outcomes in patients receiving combined EPO and chemotherapy (Leyland-Jones et al., 2005) , whereas EPOR expression correlates with reduced survival in cancer patients receiving EPO (Henke et al., 2006) . However, other studies showed that EPO does not interfere with antineoplastic drugs on carcinoma cell lines expressing EPOR (Gewirtz et al., 2006; LaMontagne et al., 2006) . Because cardiomyocyte apoptosis induced by DOX seems to be a relatively acute event, it will be of some interest to determine whether a brief course of EPO treatment before the DOX administration will maximize cardiac benefit while minimizing interference with antineoplastic actions of DOX. This strategy may prove particularly effective if combined with screens for the presence of EPOR in tumor cells.
